Abstract: It has been established that the electroviscosity effect of polyzwitterionic (PZI) aqueous solutions is more considerable than and acts in a direction opposite to that of aqueous polyelectrolyte solutions. Temperature and electric field strength influence the electroviscosity of PZI aqueous solutions in parallel, though the reasons for these effects are quite different. The unusual electroviscosity behaviour of PZI solutions is explained by a 'core-shell' model for the structural organization of PZI macromolecules, suggesting that cluster formation is due to intensive dipoledipole interactions between monomer units of the same or of different macromolecules.
Introduction
Electroviscosity is a reversible change of viscosity under the action of an external electric field. It has been observed for the first time in homogeneous liquids (glycerol, castor oil, solid paraffin) [1] [2] [3] [4] [5] [6] [7] , but only after the Winslow report [8] that some suspensions show a much more considerable electroviscosity than the polar and electroconductive liquids, this effect has found wide application [9] [10] [11] [12] . Polyelectrolyte (Pe) solutions are characterized by the specific ternary electroviscosity effect [13] [14] [15] [16] [17] due to conformational changes of Pe macromolecules depending on pH, ionic strength, charge distribution in Pe macromolecules, as well as on electric and shear fields. However, Pe electroviscosity is incomparable to that of the electrorheological suspensions. Therefore, polyelectrolytes have been applied as activators and stabilizers of electrorheological fluids [18] [19] [20] [21] [22] [23] [24] [25] .
In the present work, the electroviscosity of polyzwitterionic (PZI) aqueous solutions is studied for the first time. It is shown that it is much stronger and in a direction opposite to that of the Pe aqueous solutions. These results are explained by a recently suggested 'core-shell' model [26] [27] [28] for the structural organization of PZI macromolecules in aqueous solutions.
Experimental part
Poly(ethylene glycol) (PEG 2000 , Fluka, purum, m.p. 50 -52°C), poly(methacrylic acid) (PMA, M n = 5 · 10 4 -10 5 g/mol, Fluka), N,N-dimethylaminoethyl methacrylate (DMAEM, Fluka, purum, ≥ 98% (GC)), and 1,3-propanesultone (Aldrich, ≥ 98%) were used without additional purification. N,N-Dimethyl(methacryloyloxypropyl)ammonium propane sulfonate (DMAPS) was synthesized according to a procedure described in refs. [29, 30] . The monomer aqueous solution (0.5 M) and the initiator 2,2'-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044, Wako, 0.1 wt.-%) were charged into an ampoule which was evacuated several times, sealed and placed in a bath at 70°C for 4 h. The polyzwitterion (PDMAPS) obtained was precipitated several times with acetone and isolated by lyophilization of its aqueous solution (yield 82%). The molecular mass characteristics of PDMAPS were M n = 7.6 · 10 4 g/mol, M w /M n = 1.3, and average diameter of a macromolecular globule 14.6 nm, determined by dynamic laser scattering (Malvern System 4700-C). The calculated critical PZI concentration for the semi-concentrated solutions was 7.8 wt.-%. Since the used PZI concentration (0.2 wt.-%) was considerably lower, the secondary electroviscosity effect should not be exhibited.
The viscosity of the PZI aqueous solutions was determined with an Ubbelohde viscometer with copper electrodes, attached to its capillaries and reservoir, allowing to regulate the electric field strength. The viscometer was immersed in the silicon bath maintaining a temperature accuracy of ±0.2°C.
There are two types of viscosity to measure the electroviscosity effect: the relative viscosity (η R ), which is defined as the ratio of apparent specific viscosity (η A ) to the viscosity without applied electric field (η 0 ) (Eq. (1)), and the dimensionless electroviscosity (η*), which is the difference between η A and η 0 (Eq. (2)) [31, 32] :
Results and discussion

Influence of the electric field strength on the PDMAPS aqueous solution viscosity in the absence of low molecular weight salts
The influence of the electric field strength (E) on η* of PDMAPS aqueous solutions is seen in Tab. 1. The PDMAPS electroviscosity increases with E, while the respective curve for the nonionic PEG reaches a plateau at lower η* values. For Pe (PMA) aqueous solutions used, this dependence is also weaker than that for the PDMAPS solutions and, what is more important, its direction is opposite to that of PDMAPS: electroviscosity is reduced with increasing E in this case. This difference in the behaviour of PZI and Pe solutions could be related to the difference in the conformation of both macromolecular types in solution in the absence of low molecular weight salts. Under these conditions, the PMA macromolecule is a swollen coil, while the PDMAPS one is a collapsed globule. This is a prerequisite for the PZI anti-polyelectrolyte effect [33] [34] [35] [36] [37] [38] [39] [40] , which is characterized by the observation that -after addition of salt -the shielding effect of the low molecular weight ions results in a shrinkage of the swollen Pe coils and a swelling of the PZI globules. The electric field effect on the macromolecular conformations of both PZI and Pe is similar to that of the shielding low molecular weight ions. In order to shed more light on this similarity, the combined effect of temperature and E on PDMAPS electroviscosity should be studied.
Tab 
Effect of temperature on the PDMAPS electroviscosity
The measurements were carried out at temperatures above 37°C since below this temperature partial precipitation of PDMAPS is observed. As one can see from the curve in Fig. 1 , the temperature effect on η* passes through a maximum at 40°C.
This extremum could be explained if one assumes that both -temperature and Ehave the same effect on the swelling of PDMAPS macromolecules, and takes into account the specific temperature dependence of the solution viscosity: a fast initial viscosity growth in a narrow temperature range followed by a slow increase of viscosity with temperature. Then, under an external electric field, the temperature for the sharp η A increase should be lower than that in the absence of an electric field as a consequence of the first suggestion mentioned above. In this way, the left branch of the curve in Fig. 1 could be explained. At a higher temperature, η 0 of the sample grows abruptly, but the η A increase is not so considerable, and η* starts to decrease (right branch of the curve in Fig. 1 ).
The above two assumptions follow directly from a recently proposed 'core-shell' model [26] [27] [28] . According to this, the PZI globule is produced as a result of the formation of electroneutral clusters of different sizes and orientations through the zipmechanism by dipole-dipole interactions between monomer units from the same or different macromolecules (Fig. 2a) . It is obvious that by both -temperature increase and E growth -the clusters would be destroyed. Increasing segment mobility is the reason for the first effect. The influence of the electrical field is due to the dipoledipole orientation along the field (Fig. 2b) (which hampers the opposite orientation of two dipole neighbours in the cluster, Fig. 2a) . A multilayer electric charge structure (Fig. 3) is a possible polymer organization, satisfying the electroneutrality requirement in this case. It supposes macromolecular stretching in normal direction to the applied field. Macromolecular elongation and electrostatic interaction between layers of opposite charge belonging to different macromolecules (Fig. 3) are the reasons for the increasing electroviscosity in this case. Therefore, with the growth of both T and E, the destruction of clusters should be favoured, and the PZI globule should swell, because the dipole-dipole clusters causing globule formation reduce or disappear. In this way, the first assumption of the unidirectional effect of T and E on the PZI solution viscosity is grounded. The second suggestion (abrupt η A growth in a narrow temperature range) is based on the cluster heterogeneity in size, strength and structure perfection. The smaller, weaker and imperfectly structured clusters are destroyed first. Stronger, larger and more perfect clusters are destroyed at higher T and E values, and this process is slower then the first one. The results obtained and their explanation suggest a reversible cluster regeneration with decreasing T and E. Both cluster formation and destruction are characterized by their specific relaxation times. 
Formation and destruction of dipole-dipole clusters in polyzwitterion macromolecules: two reversible processes with quite different relaxation times
Two relationships characterizing the dynamics of reversible viscosity increase (under the action of an external electric field) and decrease (at PDMAPS aqueous solution discharge of the same electric field) are established. The first one, the dependence of PDMAPS solution relative viscosity (η R ) on the exposure time in the electric field is presented in Tab. 2. It becomes clear that η R increases monotonously with exposure time, reaching a constant value for each E within 5 -6 min. This is the time for which the aforementioned dipole-dipole clusters, heterogeneous in size and strength, are destroyed and the macromolecular globules swell. As one can see from comparison of the results in the two columns of Tab. 2 (η R at different electric field intensities), the higher the E value, the larger the stationary η R value which is achieved for a longer time.
In the frame of the aforementioned "core-shell" model, these relationships mean that with increasing E the cluster destruction is more complete, but this is achieved for a longer time since larger and stronger clusters are involved in the process. Although the precise time for cluster destruction could not be determined from the information presented in Tab. 2, it is obvious that this time is of the order of minutes. For this reason, all the measurements of the PZI aqueous solutions were performed after exposure to the electric field for 5 -6 min.
The second relationship characterizes the other relaxation process, taking place when interrupting the electric field exposure. Fig. 4 shows the temperature dependence of η* obtained in this particular experiment, using an instantaneous electric field interruption. To this end, the DMAPS aqueous solution is kept for 5 min in the viscometer reservoir at the electric field applied, and then the solution runs out through an electrical insulated capillary. As one can see from the dependence presented in Fig. 4 , the electroviscosity (η*) becomes negative, its absolute values raising monotonically with temperature. If at the outflow of the PDMAPS aqueous solution from the electric field zone the cluster reduction is also that abrupt, the η* value should become small and close to zero and rather increase with temperature. From the results in Fig. 4 it becomes clear that this relaxation process follows another path and the macromolecular globules do not recover to their initial size and shape. The reason for this different macromolecular conformation is that the fast recovery of the dipole-dipole clusters is performed under the action of the shear field. The dipoledipole clusters of PDMAPS produced under these conditions would be oriented along the shear field direction. Therefore, η* takes negative values. By definition, the value of η 0 used for the determination of η* is the solution viscosity in the absence of an electric field. However, the higher the temperature, the larger the degree of cluster destruction, and PDMAPS macromolecules become more flexible. Therefore, they are more easily oriented along the shear field in the viscometer capillary. In this way, one can explain the η* decrease with temperature (Fig. 4) . Obviously, this reasonable explanation requires additional experimental and theoretical verification. It is even possible that macromolecules save their orientation along the shear field and only the monomer unit dipoles change their orientation instantly to the same direction as those of the macromolecules. The electrostatic interaction between macromolecules should be decreased drastically under these conditions. Therefore, the explanation is proposed to demonstrate that the discussed unexpected dependence (Fig. 4) could be explained reasonably in the frame of the 'core-shell' model [26] [27] [28] .
If the suggestion is accepted that the formation of dipole-dipole clusters oriented along the applied shear field takes place at the inlet of the viscometer capillary (e.g., along the first 0.5 cm) which is beyond the action of the electric field, it is possible to estimate the upper limit of the relaxation time of this process. As the volume of the viscometer reservoir is 3 cm 3 , that of the capillary with the pointed length is 1.41 · 10 -3 cm 3 , and the mean time for the solution to run out through this capillary is 61 s, then this upper limit is τ ≤ 2.87 · 10 -2 s. It becomes clear that even the upper limit is much less than the estimated relaxation time of 5 min for the cluster destruction. This huge difference in the relaxation times of both inter-reversible processes is a new and interesting result, calling for a further quantitative analysis.
Conclusion
It is established that the ternary electroviscosity effect of PZI aqueous solutions is stronger than and acting in a direction opposite to that of Pe solutions (Tab. 1). This difference is a result of the absence of a double counterion layer around the PZI macromolecules (which is a characteristic feature of Pe), as well as of the their specific dipole-dipole structure organization. The reversible formation of these dipoledipole clusters of different size, shape and strength is the essence of the 'core-shell' model [26] [27] [28] for the conformational state of the PZI macromolecules. In this way, while the interaction between macromolecular ions as well as between them and the counterions is the decisive factor for the conformational state of the Pe macromolecules, for the PZI conformational state the dipole-dipole interaction between monomer units plays the role of such a factor. The results obtained show that the influence of the external electric field on the dipole-dipole interaction is more considerable than that between macroions and counterions. Furthermore, the two effects act in opposite directions. A quantitative analysis of this difference is in prospect, but even these first results confirm the adequacy of the 'core-shell' model [26] [27] [28] for the dipole-dipole cluster organization of the PZI macromolecules.
The growth of both E and T results in the destruction of the dipole-dipole clusters and hence in the swelling of the PZI globules which is the reason for the increase of electroviscosity. However, these combined T and E effects are due to different reasons. While with increasing T dipole-dipole clusters are destroyed as a result of the increased monomer unit mobility, with increasing E, this is achieved by the stimulated orientation of dipoles (Fig. 2b) and macromolecules (Fig. 3) . It is exactly this difference that provides the extreme relationship shown in Fig. 1 . The results presented in Tab. 2 and in Fig. 4 prove unambiguously the reversibility of both the formation and destruction of dipole-dipole clusters, leading to decreasing and increasing η*, respectively. The relaxation times of these processes depend on E and T, but in intervals of their variation (35°C ≤ T ≤ 55°C and 4 kV/cm ≤ E ≤ 6 kV/cm) as used in the present work, the difference between their values is dramatic. The relaxation time of cluster formation is much shorter (more than 4 orders of magnitude) than that of their destruction. In addition, the curve in Fig. 4 proves that the paths of for PZI conformational transitions are not identical and depend on external effects. In particular, if the practically instantaneous formation of the dipole-dipole clusters (the collapse of the macromolecular coil in the absence of an electric field) takes place under the action of the shear field, the produced clusters are of different size and orientation as compared to those produced in the absence of both electric and shear fields. This difference is the reason for the negative η* values shown in Fig. 4 .
The first results on the electroviscosity of PZI aqueous solutions obtained in the present work confirm qualitative the adequacy of the 'core-shell' model. In addition, they evidence the necessity of direct observation of PZI macromolecular conformation transitions under the action of E, T and other external field effects, and their rigorous description. At the same time, they suggest that PZI aqueous solutions are a new class of electrorheological fluids, their characteristics being quite different from those of Pe aqueous solutions and the classic electrorheological fluids.
